A novel and simple two-photon fluorescent probe NS-O for the detection of superoxide radical anion (O 2 c À ) with a large turn-on fluorescence signal is presented. The probe NS-O exhibited favorable properties including fast response, high selectivity, large stokes shift, low cytotoxicity and almost 100-fold fluorescence enhancement in solution. The two-photon probe could be applied to monitor endogenous superoxide radical anions in living cells and tissues. Notably, the two-photon fluorescent probe NS-O could be used to image superoxide radical anions in zebrafish.
Introduction
Reactive oxygen species (ROSs) including superoxide radical anion (O 2 c À ), hydrogenperoxide (H 2 O 2 ), hydroxyl radical (cOH), and peroxynitrite (ONOO À ), a broad range of small signaling molecules with a highly reactive unpaired valence or an odd number of electrons, are important in the immune process and defense of organisms against bacteria, viruses, and parasites.
1
Although ROSs are crucial to maintain some internal environmental balances of organisms, their imbalances could affect the homeostasis of the biosystem, 2 and lead to a range of related diseases including arthritis, cancer, oxidative stress arteriosclerosis and so on.
3 It is worth noting that the superoxide radical anion (O 2 c À ) is linked to many inammatory diseases. 4 The superoxide radical anion (O 2 c À ) with strong oxidation, which is related to the generation of most of the reactive oxygen and nitrogen species, could be obtained from disproportionation of hydrogen peroxide (H 2 O 2 ). 5 Therefore, it is very important to develop useful methods with high sensitivity and good selectivity for imaging the superoxide radical anion (O 2 c À )
in biosamples. Some analytical methods had been developed for the detection of superoxide radical anion exploited in the previous reports including mass spectrometry (MS), high performance liquid chromatography (HPLC), and electron paramagnetic resonance spectroscopy (EPR).
6 However, these methods are only applied to extracellular detection. In the past few years, organic uorescent probes, which have been proved to be the most useful monitoring tools, have become an important method used in biological studies with good merits including high sensitivity, good selectivity and real-time detection.
7
Fluorescence imaging has been developed as a powerful method for monitoring various signaling molecules in the past few decades. In recent years, a number of uorescent probes for the detection of the superoxide radical anion had been reported, 8 some of which were developed by deprotection of the leaving group by the superoxide radical anion. Also, other reports were constructed by means of oxydehydrogenation. Therefore, it is important to develop a fast-responsive uores-cent probe with a large turn-on signal and stokes shis for imaging the superoxide radical anion (O 2 c À ). Importantly, with the development of two-photon uorescent probe, the merits including long excitation wavelengths, three-dimensional detection of living tissues, depressed the photodamage to biological samples, increased penetration ability of tissue and reduced uorescent interference of background have been attracted more and more groups. Thus, it is necessary to develop a two-photon uorescent probe for specical detection of the superoxide radical anion (O 2 c À ) in living cells, tissues and zebrash.
In this report, a fast-responsive two-photon uorescent probe NS-O has been developed for monitoring endogenous superoxide radical anion with a large turn-on signal (Scheme 1).
Scheme 1 Proposed sensing mechanism of the probe NS-O with KO 2 .
This novel two-photon probe NS-O exhibits good selectivity over other analytes. Besides, the cell imaging, tissue imaging and the zebrash imaging have proved to be that the probe NS-O could be suitable to image the level of superoxide radical anion in living biosamples. Therefore, the two-photon probe NS-O is expected to be applied to monitor superoxide radical anion in biosamples.
Results and discussion
Probe design and synthesis
We choose the uorescent compound of 6-hydroxy-2-naphthaldehyde with good properties as the uorophore. By the way of simple modication of aldehyde group, the twophoton uorescent probe NS-O was designed and synthesized in Scheme 2 with one step. The structure of the probe NS-O was totally characterized by 1 H NMR, 13 C NMR and HRMS ( (Fig. S1b †) . The probe NS-O showed no uorescence with excitation at 400 nm without the addition of the superoxide radical anion (O 2 c À ) (Fig. 1) . In contrast, the strong uorescence emission were exhibited at 531 nm in the presence of the superoxide radical anion (O 2 c À ) with a large stokes shi. With the increasing addition of the superoxide radical anion (O 2 c À ), the uorescence enhancement of probe NS-O increased notably (Fig. 1) . And the detection limit for the superoxide radical anion was about 1.71 mM (Fig. S2 †) . Therefore, the two-photon probe NS-O was sensitive to the superoxide radical anion (O 2 c À ), which could be applied to monitor the superoxide radical anion (O 2 c À )
as a useful tool. In order to investigate the mechanism, the research of probe NS-O was measured when added with the superoxide radical anion (O 2 c À ) and the process was measured by mass spectrometry. A peak at m/z 278.0632 was showed in the ESI-MS spectrum in good agreement with the predicted NS-O-adduct (Fig. S3 †) . The result was in accordance with the proposed sensing mechanism depicted in Scheme 1. We further investigated the time courses of probe NS-O (5 mM) in presence of the superoxide radical anion (O 2 c À , 5 equiv.) (Fig. 2) . Notably, the uorescence intensity was increased to maximum instantly with the addition of the superoxide radical anion (O 2 c À ) (about 2 min) which shows that the probe NS-O exhibits fast response. As to the pH value of PBS buffer, we treated the probe NS-O with different pH of PBS buffer in Fig. 3 . And the uorescence intensity was almost no change without the addition of the superoxide radical anion ( The selectivity research, another important and relevant property of probe NS-O, was also measured. When we treated the probe NS-O with other analytes, such as H 2 O 2 (100 mM), NaClO (100 mM), cOH (100 mM), DTBP (100 mM), TBHP (100 mM), NO (100 mM), NaNO 2 (2.5 mM), NaNO 3 (2.5 mM), GSH (5 mM), Hcy (5 mM), Cys (5 mM), FeSO 4 (2.5 mM), KI (2.5 mM), Na 2 S (2.5 mM), CaCl 2 (2.5 mM), MgCl 2 (2.5 mM), CuCl 2 (2.5 mM), ZnCl 2 Scheme 2 Synthesis of the probe NS-O. (2.5 mM), there are no uorescence intensity and opposite phenomena was obtained in presence of the superoxide radical anion (O 2 c À ), which was shown in Fig. 4 . The research on selectivity had been proved to be that the probe NS-O is suitable for bioimaging in the complicated biosystem. Therefore, the two-photon probe NS-O could be applied for monitoring the superoxide radical anion (O 2 c À ) with high selectivity of other interfering molecules.
Cytotoxicity and imaging
The above results indicate that the probe NS-O has good properties including fast response, a very large turn-on signal and stokes shis, good selectivity. Thus, the probe NS-O might be used for monitoring the superoxide radical anion (O 2 c À ) in real biosamples. We evaluated imaging assays of probe NS-O in living cells, and uorescence imaging was completed in HeLa cells by the way of confocal laser scanning microscopy.
The cytotoxicity of probe NS-O was measured in living HeLa cells by a MTT assay (Fig. S4 †) . The results indicate that the probe NS-O exhibits no marked cytotoxicity to HeLa cells aer a long period (>90% HeLa cells survived aer 24 h with NS-O (30.0 mM) incubation). Thus, the probe NS-O could be applied to image the superoxide radical anion (O 2 c À ) in living cells with low cytotoxicity. Due to the good properties and low cytotoxicity of probe NS-O, we want to know whether the probe NS-O could be responsive in living HeLa cells. The utility of NS-O for cell imaging of the superoxide radical anion (O 2 c À ) was investigated in HeLa cells (Fig. 4) . When HeLa cells were incubated with incubated with a superoxide scavenger Tiron (200 mM) for 20 min, NS-O probe (10.0 mM) for 30 min and KO 2 (10 equiv.) for another 20 min, clearly detectable uorescence was observed. For control experiment, when the cells were pre-treated with a superoxide scavenger Tiron (200 mM) for 20 min, and then incubated with probe (10 mM) for another 30 min, no marked uorescence was shown in the blue channel (Fig. 5e ) at the same test conditions. However, when we treated the HeLa cells with Tiron (200 mM) for 20 min and stimulated with 2-ME (100 mM) for 30 min and then incubated with probe (10 mM) for 30 min, strong uores-cence enhancement was exhibited in the blue channel in Fig. 5h , conrming that the probe could be t for in vivo imaging.
Encouraged with in vivo cell imaging of probe NS-O, tissue imaging was operated by the way of two-photon uorescence microscopy. We prepared the living tissues slices of rat liver with thickness at 400 mm. The living tissue slices incubated with a superoxide scavenger Tiron (200 mM) for 30 min and NS-O probe (20.0 mM) for 30 min in PBS buffer exhibit no uorescence at the emission window of 0-40 nm (Fig. 6a) . However, when we treated tissue slices with a superoxide scavenger Tiron (200 mM) Fig. 4 The fluorescence intensity of probe NS-O (10 mM) in the presence of various analytes in PBS buffer (pH 7.4 PBS/DMSO (v/v ¼ 1/1)). (1) Free probe; (2) H 2 O 2 (100 mM); (3) NaClO (100 mM); (4) cOH (100 mM); (5) DTBP (100 mM); (6) TBHP (100 mM); (7) NO (100 mM); (8) NaNO 2 (2.5 mM); (9) NaNO 3 (2.5 mM); (10) GSH (5 mM); (11) Hcy (5 mM); (12) Cys (5 mM); (13) FeSO 4 (2.5 mM); (14) KI (2.5 mM); (15) Na 2 S (2.5 mM); (16) CaCl 2 (2.5 mM); (17) MgCl 2 (2.5 mM); (18) CuCl 2 (2.5 mM); (19) ZnCl 2 (2.5 mM); (20) KO 2 (50 mM). 
Experimental

Materials and instruments
Unless otherwise noted, all reagents and materials were purchased from commercial company and used without further purication. Twice-distilled water was applied to all experiments. High-resolution electronspray (ESI-HRMS) mass spectra were examined from Bruker APEX IV-FTMS 7.0T mass spectrometer; NMR spectra were obtained from AVANCE III 400 MHz Digital NMR Spectrometer with TMS as an internal standard; electronic absorption spectra were recorded on a LabTech UV Power spectrometer; photoluminescent spectra were obtained with a HITACHI F4600 uorescence spectrophotometer; the uorescence images were collected with Nikon A1MP confocal microscopy with a CCD camera; the pH measurements were implemented on a Mettler-Toledo Delta 320 pH meter;
analysis was exhibited on silica gel plates and column chromatography was carried out over silica gel (mesh 200-300). Both TLC and were purchased from the Qingdao Ocean Chemicals.
Synthesis of the two-photon probe NS-O
A mixture of 6-hydroxy-2-naphthaldehyde (0.5 mmol, 86.0 mg, 1.0 equiv.) and 2-aminobenzenethiol (0.55 mmol, 68.8 mg, 1.1 equiv.) was added in EtOH (5.0 mL) under N 2 . The solution was reuxed for 5 h until TLC indicated the end of reaction. Aer cooling to room temperature, the mixture was concentrated under vacuum, and the product was obtained by silica column chromatography to give the probe NS-O in the yield of 63%; 1 H NMR (100 MHz, DMSO- 154.2, 136.6, 134.8, 131.2, 127.8, 127.8, 127.7, 127.6, 127.1, 125.8, 124.7, 123.1, 122.8, 120.3, 109.4 
Preparation of solutions of probe NS-O and analytes
Without other noted, all the tests were operated according to the following procedure. A stock solution (1.0 mM) of NS-O was prepared in DMSO. In a 10 mL tube the test solution of compounds NS-O was prepared by placing 0.09 mL of stock solution, 4.5 mL of DMSO, 4.5 mL of 0.1 M PBS buffer and an appropriate volume of KO 2 sample solution. Aer adjusting the nal volume to 10 mL with 0.1 M PBS buffer, standing at room temperature, 3 mL portion of it was transferred to a 1 cm quartz cell to measure absorbance or uorescence. All uorescence measurements were conducted at room temperature on a Hitachi F4600 Fluorescence spectrophotometer. The slight pH variations of the solutions were achieved by adding the minimum volumes of NaOH (0.1 M) or HCl (0.2 M).
Cytotoxicity assays
The living cells line were treated in DMEM (Dulbecco's Modied Eagle Medium) supplied with fetal bovine serum (10%, FBS), penicillin (100 U mL À1 ) and streptomycin (100 mg mL À1 ) under the atmosphere of CO 2 (5%) and air (95%) at 37 C. The HeLa cells were then seeded into 96-well plates, and 0, 1, 5, 10, 20, 30 mM (nal concentration) of the probe NS-O (99.9% DMEM and 0.1% DMSO) were added respectively. Subsequently, the cells were cultured at 37 C in an atmosphere of CO 2 (5%) and air (95%) for 24 hours. Then the HeLa cells were washed with PBS buffer, and DMEM medium (100 mL) was added. Next, MTT (10 mL, 5 mg mL
À1
) was injected to every well and incubated for 4 h. Violet formazan was treated with sodium dodecyl sulfate solution (100 mL) in the H 2 O-DMF mixture. Absorbance of the solution was measured at 570 nm by the way of a microplate reader. The cell viability was determined by assuming 100% cell viability for cells without NS-O.
Cell imaging
HeLa cells were grown in modied Eagle's medium (MEM) replenished with 10% FBS with the atmosphere of 5% CO 2 and 95% air at 37 C for 24 h. The HeLa cells were washed with PBS when used. As to the in vivo imaging of endogenous O 2 c À , the living HeLa cells were incubated with various concentration of a superoxide scavenger Tiron and 2-methoxyestradiol (2-ME) and then treated with NS-O (10 mM) for another 30 min at 37 C.
For control imaging, HeLa cells treated with a superoxide scavenger Tiron for 20 min and NS-O (10.0 mM) for 30 min. The ideal uorescence images were acquired with a Nikon A1MP confocal microscopy with the equipment of a CCD camera.
Tissue imaging
The Kunming mice were purchased from Shandong University Laboratory Animal Center (Jinan, China). All procedures for this study were approved by the Animal Ethical Experimentation Committee of Shandong University according to the requirements of the National Act on the use of experimental animals (China). The fresh mouse liver slices were obtained from the liver of 14 day-old mouse. The living liver slices were gained with 400 micron thickness using a vibrating-blade microtome in 25 mM PBS (pH 7.4). The living liver slices were pre-treated with a superoxide scavenger Tiron (200 mM) for 30 min and NS-O (20 mM) for 30 min. The slices were washed three times by PBS buffer and imaged. To obtain the two-photon uorescence images of the tissues, the slices were pre-treated with a superoxide scavenger Tiron (200 mM) for 30 min and NS-O (20 mM) for 30 min before the KO 2 was added. Following this incubation for another 30 min at 37 C, the slices were washed three times by PBS buffer and imaged. The two-photon uorescence emission was collected upon excitation at 800 nm with a femtosecond laser.
Zebrash imaging
We incubated the 5 day-old zebrash with NS-O (20 mM) in embryo media for 20 minutes at 37 C. Aer washing with PBS three times, we further incubated zebrash with the superoxide radical anion (O 2 c À , 10 equiv.) for another 20 min at 37 C. Then the zebrash was washed with PBS three times. For control group, the zebrash was incubated with probe NS-O (20 mM) for 20 min at 37 C and washed with PBS buffer three times. The zebrash imaging was obtained by Nikon A1MP confocal microscopy inverted uorescence microscopy equipped with a cooled CCD camera.
Conclusions
In conclusion, a large turn-on signal uorescent probe NS-O was developed for imaging endogenous superoxide radical anion (O 2 c À ) with two-photon excitation. Desirable properties, such as fast response, high selectivity, large stokes shis and low cytotoxicity, were exhibited. Notably, the probe NS-O could be applied to monitor endogenous superoxide radical anion in the living cells. Besides, the tissue and zebra sh imaging proved to be that the novel probe NS-O could be helpful for investigation and detection of superoxide radical anion in living organisms.
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